Spinel ferrites, of the general formula MFe~2~O~4~ (M = Mn, Co, Ni, Mg, or Zn), have recently attracted considerable attention due to their interesting magnetic and electrical properties with enhanced chemical and thermal stability[@b1][@b2][@b3]. Among them, magnesium ferrite (MgFe~2~O~4~) is a soft magnetic *n*-type semiconductor with a partially inverse spinel structure. It has high sensitivity, good chemical stability, and its band gap of \~ 2.0 eV makes it a suitable candidate for a wide range of applications in heterogeneous catalysis, adsorption, sensors, organic pollutants, lithium-ion batteries, and photoelectrochemical water splitting[@b4][@b5][@b6][@b7][@b8]. Moreover, it has a high Curie temperature, adding it as a potential candidate in spintronics. So far, most studies have focused on MgFe~2~O~4~ nanoparticles[@b4][@b5][@b6][@b7][@b8] or nanopillars[@b9]. However, less attention has been paid to epitaxial MgFe~2~O~4~ thin films although they are of great interest from both fundamental and practical perspectives. There have been relatively few attempts to grow MgFe~2~O~4~ thin films using pulsed laser deposition (PLD)[@b10][@b11] or molecular beam epitaxy (MBE)[@b12][@b13]. None of them studied the effects of natural growth defects on the transport properties, such as anti-phase boundaries, which are expected to be common in oxide-based nanoelectronic and spintronic devices.

In this paper, we report on the magnetic and transport properties of epitaxial MgFe~2~O~4~ thin films grown on MgO (001) substrates by molecular beam epitaxy. The structural properties and chemical composition of the MgFe~2~O~4~ films were characterized by high resolution X-ray diffraction (XRD) and X-ray photoemission spectroscopy (XPS), respectively. The magnetic and transport properties were investigated using a physical property measurement system (PPMS). We observed a large non-saturated field and a negative linear magnetoresistance (MR) due to the presence of anti-ferromagnetic (AF) anti-phase boundaries in the MgFe~2~O~4~. The presence of the APBs was clearly verified by high resolution scanning transmission electron microscopy (HRSTEM) characterization. Moreover, our results also suggest that post annealing can cause migration of the APBs, which decreases the resistance and enhances the MR of the film.

Results
=======

Sample preparation and characterization
---------------------------------------

MgFe~2~O~4~ thin films, with different thicknesses, were grown on (100) oriented MgO single crystal substrates in an oxygen--plasma-assisted molecular beam epitaxy (MBE) system. The base pressure of the system is better than 5 × 10^−10^ Torr. The substrates were chemically cleaned prior to insertion into the growth chamber and then cleaned *in situ* by annealing at 600°C in ultra-high vacuum (UHV) for 1/2 hour followed by further annealing in 1 × 10^−5^ Torr oxygen for 2 hours. Co-deposition was used to grow the thin films, i.e., material fluxes were produced by e-beam evaporation of separate pure MgO and metallic Fe sources. The growth rates for Fe and MgO were set to 0.6 Å/s and 0.3 Å/s, respectively. During growth, the substrate temperature was maintained at 300°C and the plasma source was operated with an oxygen partial pressure of 2 × 10^−5^ Torr and a current of 30 mA. After deposition, the samples were annealed at 300°C, with the same oxygen partial pressure, for 3 hours. Reflection high energy electron diffraction (RHEED) was employed to establish the growth mode. RHEED patterns for the MgO substrate and MgFe~2~O~4~ thin films ([Fig. 1a and 1b](#f1){ref-type="fig"}) show vertical lattice rods and sharp Kikuchi lines, representative of a well-ordered and smooth surface, demonstrating the epitaxial growth of the MgFe~2~O~4~ films on MgO substrates. The structural properties and chemical composition were further investigated using a high resolution XRD system and XPS. [Figure 1c](#f1){ref-type="fig"} shows the full range XRD, from 10 to 100 degrees, for a 114 nm thick MgFe~2~O~4~ film on a MgO substrate. Only the (200) and (400) peaks for the MgO substrate and the (008) and (004) peaks for the MgFe~2~O~4~ film are observed indicating the epitaxial growth of the MgFe~2~O~4~. The peak positions for MgO (400) and MgFe~2~O~4~ (008) located at 93.88° and 94.47° respectively, which are consistent with the well-established values. X-ray photoemission spectroscopy compositional analysis of the surface of the MgFe~2~O~4~ film is shown in [Figure 1d](#f1){ref-type="fig"}. The Mg 2p and Fe 3p peaks have been consistently energy shifted to align the C 1s peak position to a binding energy (BE) of 284.7 eV. The XPS characterization indicates the atomic ratio of Mg : Fe is around 1 : 2. To investigate the interface between MgO and MgFe~2~O~4~, [Figure 1e](#f1){ref-type="fig"} presents a low-magnification high angle angular dark field (HAADF) STEM image showing the whole thickness of a MgFe~2~O~4~ thin film (bright) on a MgO substrate (dark). The interfaces are sharp and defect free which further confirms MgFe~2~O~4~ films were epitaxially grown on the MgO substrates. A selected area electron diffraction (SAED) pattern of the interface between MgO and MgFe~2~O~4~ is shown in [Fig. 1f](#f1){ref-type="fig"}. The red circles highlight the SAED spots for MgFe~2~O~4~ only and the blue circles highlight the SAED spots for the MgO and MgFe~2~O~4~. A small lattice mismatch is observed indicating the high quality of the epitaxial thin film.

Magnetic and transport properties
---------------------------------

The magnetic properties of the MgFe~2~O~4~ thin films were investigated by means of a PPMS (Quantum Design). Temperature dependent M (H) loops of a 114 nm thick MgFe~2~O~4~ thin film are displayed in [Fig. 2a](#f2){ref-type="fig"}. The external magnetic field is applied in the film plane along \[100\] direction. It is clear that the film is ferromagnetic in nature at all the temperatures. The coercivity increases with decreasing temperature. The measured magnetization at 300 K and at 1 T is around 115 emu/cm^3^, which is larger than the value reported for MgFe~2~O~4~ nano pillars[@b9] but smaller than the value for MgFe~2~O~4~ grown on sapphire substrates[@b11]. Interestingly, the magnetization does not saturate in a field of 1T for all temperatures. [Figure 2b](#f2){ref-type="fig"} shows M (H) loops for the same 114 nm thick MgFe~2~O~4~ thin film measured at room temperature with the external magnetic field applied along \[100\] and \[110\] directions. A significant difference between the M (H) loops for the two field directions is clearly observed. At room temperature, for a 114 nm thick MgFe~2~O~4~ thin film, with the field along the \[100\] direction, the coercivity field is 127 Oe. While when the field is along the \[110\] direction, the coercivity field increases to 216 Oe. Moreover, the M (H) loop for the field along \[110\] is much squarer than for field applied along \[100\]. It is clear that the easy axis, for the films grown, is along the \[110\] direction and hard axis is along the \[100\] direction. [Figure 3a](#f3){ref-type="fig"} shows the magnetoresistance curves of a 114 nm thick MgFe~2~O~4~ thin film on a MgO substrate measured at different temperatures, where MR is defined as MR = R(H)/R(0)-1. The transport properties of MgFe~2~O~4~ were measured using the conventional four-probe method in the PPMS (Inset of [Fig. 3a](#f3){ref-type="fig"}). A bias current of 4 µA was applied between the two outer contact electrodes along the \[100\] direction of the MgO substrate and a Keithley 2400 was used to measure the voltage drop. The external field was applied along the current direction. From [Figure 3a](#f3){ref-type="fig"}, one can clearly see that the resistance shows a linear response to the external field at all temperatures. The MR ratio as a function of temperature is summarized in [Figure 3b](#f3){ref-type="fig"}. It should be noted that the MR ratio increases with decreasing temperature. A MR ratio of −0.55% was obtained at room temperature and a MR of −3% was achieved at 80K. We would like to mention here that the shape of the MR curves is independent of temperature.

Discussion
==========

Presence of APBs
----------------

The observed very large saturation field and negative linear MR can be attributed to and explained by the presence of antiphase boundaries, which are natural defects occurring during growth. The existence of APBs has been verified in numerous systems, for example, magnetite on MgO substrates[@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21][@b22], Ba~0.6~Sr~0.4~TiO~3~ on (001) MgO[@b23], Ba(Zr,Ti)O~3~ on (001) MgO[@b24], and etc. The reported anti-phase boundaries in epitaxial Fe~3~O~4~ films grown on MgO substrates is a consequence of lattice parameter of Fe~3~O~4~ (8.397 Å) being almost twice of that of the MgO substrate (4.213 Å), and its spinel structure being of lower symmetry (Fd3m) than that of MgO (Fm3m). The presence of these APBs defects in Fe~3~O~4~ contributes to unusual magnetic and transport properties, such as the magnetization non-saturation even at very high field[@b14][@b15], super-paramagnetic behavior in Fe~3~O~4~ films[@b16][@b17], miscompensation of the spin moments at the surface and at the APBs contribute a giant magnetization[@b18], a greater MR response across the AF-APBs[@b19][@b20][@b21], and a large transversal MR[@b22]. Similar to Fe~3~O~4~, MgFe~2~O~4~ has a lattice parameter of (8.38 Å) and its spinel structure is of lower symmetry (Fd-3m). Therefore APBs are expected to form during growth of MgFe~2~O~4~ on MgO. To confirm the existence of the APBs, we show in [Figure 4a](#f4){ref-type="fig"} a dark field cross-sectional HRTEM image of a 114 nm MgFe~2~O~4~ thin film on a MgO substrate. Several APBs are clearly visible. To highlight their presence, some APB domains are marked with dotted blue lines. Notably, MgFe~2~O~4~ is a partially inverse spinel. Thus, the spin configuration for atoms separated across APBs will be in a non-collinear configuration which means the spin states will be at least partially antiparallel. Therefore, the observed very large saturation field and negative linear MR in MgFe~2~O~4~ can be explained by the presence of AF-APBs. APB induced MR has been also observed in Ba~0.6~Sr~0.4~TiO~3~[@b23] and Ba(Zr,Ti)O~3~[@b24] films on MgO substrates. As can be done for Fe~3~O~4~, we schematically drew the spin structure disturbance due to the presences of AF-APBs, with and without an in-plane external field, as the inset of [Figure 3a](#f3){ref-type="fig"}. The external field aligns the spins far from the boundary and the spins at the APBs rotate by an angle of *φ~AF~* (marked in the inset of [Figure 3b](#f3){ref-type="fig"}), where *φ~AF~* is the angle between the spins at the left side of the APB and the external field. We can write the conductivity of the film as σ = σ~0~ + t~0~^2^ cos^2^φ~AF~, where σ~0~ is due to spin-dependent scattering at the interface without an external field and the second term is dependent on the MR effect[@b21]. The MR ratio for MgFe~2~O~4~ is around half that for Fe~3~O~4~, for the same thickness, indicating the AF APBs in MgFe~2~O~4~ are not as sharp as those in Fe~3~O~4~ and the exchange stiffness for the AF exchange interaction at the boundaries is not as strong as for Fe~3~O~4~. The underlying reason is that MgFe~2~O~4~ is a partially inverse spinel. φ~AF~ may not be zero in the absence of an external field. According to Ref. [@b14], the equation *M = Ms (1-b/H^n^)* can be used to describe the approach towards saturation, of the magnetization (M) as a function of field, a value for the exponent (n) near 0.4 was obtained for MgFe~2~O~4~. This value is smaller than that for Fe~3~O~4~ (0.5) but it is almost the same as for NiFe~2~O~4~ films[@b25].

To study effect of strain on APB formation, we prepared 4 sets of MgFe~2~O~4~ films in different strain states. The thicknesses of those 4 sets of MgFe~2~O~4~ films are around 114 nm (S1), 100 nm (S2), 90 nm (S3), and 60 nm (S4), respectively. [Figure 4b](#f4){ref-type="fig"} shows XRD spectra for those 4 sets of MgFe~2~O~4~ films. To calculate the strain for those films, first the out-of-plane lattice constant *a*~⊥~ is calculated with , where d~hkl~ is the spacing of lattice planes with the Miller indices (hkl), θ is the corresponding Bragg angle of the films, λ the wavelength of X-rays used, and n is an integer. The calculated out-of-plane lattice constants *a*~⊥~ are 8.379 Å (S1), 8.377 Å (S2), 8.373 Å (S3), and 8.368 Å (S4), respectively. Thus, the corresponding strains for the films (*e*) are 0.1%, 0.07%, 0.03%, and 0.004%, respectively, which can be calculated from . Where *a~0~* is the lattice constant of MgFe~2~O~4~ (8.38 Å). [Figure 4c](#f4){ref-type="fig"} shows R-T curves for those 4 sets of MgFe~2~O~4~ films. The resistivity of the films decreases with decreasing strain. The underline physics is that the APB domain size increases with decreasing strain. To confirm this, we estimated the APB domain size *δ* from the XRD data using *δ* = 0.9*λ*/(*B* cos*θ*), where B is the half-width value of the XRD peaks. The estimated APB domain sizes for those 4 sets of MgFe~2~O~4~ films are 12 nm, 18 nm, 21 nm, and 29 nm, respectively. The strain as a function of grain size is summarized in [Fig. 4d](#f4){ref-type="fig"}. One can see that with decreasing the strain, the APB domain size increases which results in the decrease in the resistivity.

Effect of post annealing on electrical properties of MgFe~2~O~4~
----------------------------------------------------------------

To investigate the effect of post annealing, in the presence oxygen, on the electrical properties of MgFe~2~O~4~ films, [Figure 5a](#f5){ref-type="fig"} shows R-T curves for an as-grown 114 nm thick MgFe~2~O~4~ film (black line) and after annealing in an oxygen partial pressure of 2 × 10^−5^ Torr at 300°C for 3 hours (red line). Post annealing significantly decreases the resistance of the samples. At room temperature, the resistance for an as-grown sample was 5200 Ω which decreased to 2600 Ω after annealing. Post annealing also reduces the activation energy (*E~a~*) of the sample. The R-T plots were fitted with the relationship . The activation energies for the as-grown sample and the sample after annealing were 76.4 meV and 67.1 meV, respectively. We also measured the MR of the as-grown MgFe~2~O~4~ sample ([Figure 5b](#f5){ref-type="fig"}). It was found that post annealing also increases the MR ratio. The effect of post annealing can be understood as follows. First, the APBs in MgFe~2~O~4~ may migrate during annealing. It has been shown in Fe~3~O~4~ that post annealing at 300°C is sufficient to cause the migration of the APBs[@b26] which increases the APB domain size and decreases the resistance and activation energy of the films[@b21]. Therefore, it is reasonable to believe that APBs in MgFe~2~O~4~ can also migrate during annealing. [Figure 5c](#f5){ref-type="fig"} shows XRD data for the as-grown 114 nm thick MgFe~2~O~4~ film (black line) and after annealing in an oxygen partial pressure of 2 × 10^−5^ Torr at 300°C for 3 hours (red line). The half-width value of the MgFe~2~O~4~ peak decreases after annealing, indicating an increase in the APB domain size. Another possible reason is that post annealing may modify the oxygen vacancies and nanodomain structures in MgFe~2~O~4~ which also will affect the resistivity and MR of the sample[@b27][@b28].

In summary, we investigated the magnetic and transport properties of epitaxial MgFe~2~O~4~ thin films grown on MgO (001) substrates. Large saturation fields and a linear negative MR were observed indicating the presence of APBs in MgFe~2~O~4~. The existence of APBs was further directly confirmed by HRSTEM characterization. The migration of APBs was also discussed. Our results may be valuable for the future application of MgFe~2~O~4~ in spintronics.

Methods
=======

MgFe~2~O~4~ thin films with different thicknesses were grown on MgO (100) oriented single crystal substrates using an oxygen--plasma-assisted molecular beam epitaxy system. Co-deposition was used to grow the thin films. MgFe~2~O~4~ films in different strain states were prepared by controlling the film thickness. The magnetic and transport properties were examined by means of a physical property measurement system (PPMS, Quantum Design). X-ray photoelectron spectrometry measurements were performed in an Omicron Nanotechnology Spectroscopy system equipped with an Ar ion miller in the preparation chamber.
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![RHEED images of (a) UHV annealed MgO (001) substrate and (b) 10 nm of MgFe~2~O~4~ growth on MgO, indicating the epitaxial growth of MgFe~2~O~4~. (c) XRD plot for a 114 nm thick MgFe~2~O~4~ film on a MgO substrate indicating the epitaxial growth mode. Inset in (c): XRD plot in the range from 92 to 96 degrees. (d) X-ray photoemission spectroscopy compositional analysis of the surface of the MgFe~2~O~4~ film on MgO. (e) Low-magnification HAADF image of the whole MgFe~2~O~4~ thin film (bright) on MgO substrate (dark) and (f) SAED pattern of the MgO and MgFe~2~O~4~ interface indicating the high quality of epitaxial MgFe~2~O~4~ film. Inset: Atomic structure of MgFe~2~O~4~.](srep07012-f1){#f1}

![(a) M (H) loops of a 114 nm thick MgFe~2~O~4~ film measured at different temperatures with an in-plane magnetic field applied along the \[100\] direction. (b) M (H) loops of a 114 nm thick MgFe~2~O~4~ film measured at room temperature with an in-plane magnetic field applied along the \[100\] and \[110\] directions.](srep07012-f2){#f2}

![(a) MR curves for a 114 nm thick MgFe~2~O~4~ film after annealing with oxygen for 3 hours, measured at different temperatures. The magnetic field is applied in the film plane along the \[100\] direction. Inset: Schematic drawing of the setup used to measure the MR. (b) MR ratio as a function of temperature under a field of 2T. Inset: Schematic drawing of spin structure disturbance due to an AF-APB with and without an in-plane external field.](srep07012-f3){#f3}

![(a) Dark field HRTEM image of a 114 nm thick MgFe~2~O~4~ film on a MgO substrate after annealing with oxygen for 3 hours to demonstrate the presence of APBs. (b) XRD spectra and (c) R-T curves for 4 sets of MgFe~2~O~4~ films in different strain states. (d) APB domain sizes as a function of strain.](srep07012-f4){#f4}

![(a) R-T curves and (c) XRD spectra for a 114 nm thick as-grown MgFe~2~O~4~ film (black line) and after annealing in oxygen condition for 3 hours (red line). (b) MR curves for the same as-grown 114 nm MgFe~2~O~4~ measured at different temperatures.](srep07012-f5){#f5}
